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Abstract:  
The coating of substrates with an extracellular matrix (ECM) protein, such as 
fibronectin (FN), is often employed to increase cell adhesion and growth. Here, we 
examine the influence of the size scale and geometry of novel FN nanopatterns on the 
adhesion and spreading of Chinese Hamster Ovary (CHO) cells.  The FN is patterned 
on the surface of templates created through the self-assembly of polystyrene-block-
polyisoprene (PS-b-PI) diblock copolymers. Both ring-like and stripe-like FN 
nanopatterns are created through the preferential adsorption of FN on PS blocks, as 
confirmed through the complementary use of atomic force microscopy and secondary 
ion mass spectrometry. The ring-like FN nanopattern substrate increases the cells’ 
adhesion compared with the cells on homogeneous FN surfaces and the stripe-like FN 
nanopatterns. Cell adhesion is high when the FN ring size is greater than 50 nm and 
when the surface coverage of FN is less than ca. 85%. We suggest that the ring-like 
nanopatterns of FN may be aiding cell adhesion by increasing the clustering of the 
proteins (integrins) with which cells bind to the nanopatterned substrate. This 
clustering is required for cell adhesion. In comparison to lithographic techniques, the 
FN templating method, presented here, provides a simple, convenient and economical 
way of coating substrates for tissue cultures and should be applicable to tissue 
engineering.    
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Introduction 
To grow, cells of most types need to adhere to something. In vivo, the 
substrate is the extracellular matrix (ECM) or other cells1. Thus, to encourage cell 
growth for tissue engineering2,3  we need to provide substrates that mimic at least 
some properties of the ECM.  Interactions with the ECM, or with artificial mimics of 
it, play a crucial role in fundamental cellular functions, including cell migration,4,5 
proliferation, 6,7 differentiation,8 and apoptosis. 9,10 
Cell adhesion is mediated by specific protein receptors, known as integrins, on 
the cell surface. They interact with ECM molecules. These trans-membrane receptors 
have extracellular domains that bind to the ECM and intracellular domains that link to 
the cytoskeleton. 11 Upon ligand binding, integrins undergo a conformational change 
that leads to the recruitment of cytoplasmic “anchor proteins,” such as vinculin, talin 
and paxillin, which bind the actin cytoskeleton to the membrane. Through physical 
clustering of multiple integrins, more cytoplasmic proteins are recruited to the 
adhesion site to increase its size, adhesion strength, and biochemical signalling 
activity.12,13 These larger, clustered structures of integrins and cytoplasmic proteins, 
which are 100s of nm across, are commonly called focal adhesions. They function as 
crucial outside-to-inside signalling ports and help cells to function properly.  
Integrins are approximately 10 nm across, and work by the group of Spatz14 
has found that spacing their ligands more than 58 nm apart greatly reduces cell 
adhesion. Thus we expect that engineering the surface on a lengthscale of 10s of 
nanometres can control and enhance cell adhesion..  
For the binding interactions between cells and surfaces, it has become 
increasingly evident that cells detect and respond to numerous features of the ECM, 
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including the structural composition and availability of adhesive ligands, 15 , 16 
mechanical stiffness,17 spatial organization of cell recognition sites,18,19 and surface 
topography of these ECM scaffolds at the microscale and nanoscale. 20 , 21 , 22  The 
importance of the structural organization of focal adhesions on a molecular length 
scale has been demonstrated by investigations of cellular responses to the lateral 
spacing of adhesion-associated ligands (such as ECM proteins).23 The nanometre- and 
micrometre-scale organization of surface proteins is expected to play a crucial role in 
focal adhesion formation and hence on cell behaviour.  
Cell adhesion and cellular organization have been widely studied as a function 
of the available adhesive area and shape on a substrate using micrometer-scale 
patterns.24,25 However, a key event in focal adhesion assembly is the activation and 
clustering of ligand-occupied integrins. Patterning methods at the length-scale of tens 
of nanometres are required to explore how integrin-mediated cell adhesion depends 
not only on receptor occupancy but also on receptor clustering. With the control of 
integrin receptor clustering, substrates patterned with ligands at the nanoscale level 
are suitable for addressing this aspect of cell-ECM interactions. Recently, there has 
been considerable work on cell behaviour on nanopatterned substrates of ECM 
proteins26,27or particular ECM sequences14,28  (e.g. arginine-glycine-aspatate (RGD)). 
Such ECM patterns were created using techniques of lithography via a procedure that 
is multi-step and not available in all laboratories. 
In vitro studies of well-defined templates of ECM molecules allow studies of 
cell adhesion, spreading, growth, differentiation and functioning. Templates have 
been fabricated through controlling the placement of whole ECM molecules (or 
moieties present in the ECM to which integrins bind) on the surface. These nano- or 
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micro-arrayed regions that encourage integrin binding are surrounded by non-
adhesive regions, which typically resist cell adhesion by resisting the adsorption of 
protein. Protein surface patterning can be realized through various approaches such as 
microcontact printing,29 dip-pen lithography,30 electron beam lithography,31 and self-
assembly. 32   As an example of self-assembly, a patterning method using block 
copolymer nanolithography (BCN) has been developed recently. This technique is 
based on the self-assembly driven deposition of spherical micelles on solid substrates. 
By using diblock copolymers of different molecular weight, the separation distance 
between spherical minority phases can be tuned.32  
In the present work, a very simple method was used to pattern protein 
molecules. A self-assembled diblock copolymer substrate, made from polystyrene-
block-polyisoprene, was used as a template to form protein nanopatterns through the 
protein selective adsorption on the polystyrene domain. We have previously shown33 
that another protein (bovine serum albumin) selectively adsorbs on glassy PS domains 
and forms nanopatterned structures resembling the underlying copolymer templates. 
The ECM protein, FN, was adsorbed on our copolymer templates to form 
nanopatterned FN substrates. By comparing the cell adhesion phenomena on 
nanopatterned FN surfaces with varying length scales, we determine how surface 
patterning and organization at the nanoscale level of the ECM affects cell adhesion 
and spreading.   
In the preparation of cell and tissue cultures, FN or similar proteins are often 
attached to polymer substrates to aid cell growth.  The polymer surface is 
functionalized through a plasma treatment, e.g. low-temperature plasmas34,35 and 
either low-pressure glow discharges36 or atmospheric-pressure ("corona") 
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discharges.34,35,36  Proteins are attached to plasma-treated surfaces to create a uniform 
and homogeneous layer.  By comparison, the method presented here is simpler, more 
economical and able to be implemented in most laboratories.  More importantly, the 
proteins are deposited in a nanopattern that aids cell attachment and spreading.  
Experimental Details 
FN nanopattern fabrication 
Si (100) wafers and glass coverslips were cleaned using a UV-ozone cleaner 
before being used as substrates. Because of its optical reflectivity, Si was the substrate 
for all ellipsometry measurements.  Because of its rigidity, it was also used as the 
substrate material in all atomic force microscopy experiments.  Confocal microscopy 
requires the use of optically transparent substrates, and hence glass coverslips were 
used. Both materials were used as substrates for contact angle analysis. 
Polystyrene (PS, number average molecular weight, Mn = 257.9 kg/mol), 
polyisoprene (PI, Mn = 100 kg/mol), and PS-b-PI diblock copolymer (purchased from 
Polymer Source) were used as received. Two copolymers, both with a total Mn = 91 
kg/mol but different ratios of the two blocks, were selected as a means to vary the 
nanostructure. One symmetric PS-b-PI possesses a PS component with Mn = 45 
kg/mol and PI component with Mn = 46 kg/mol. It is represented here as PS(45)-b-
PI(46). Another asymmetric PS-b-PI has a PS component with Mn = 65 kg/mol and a 
PI component with Mn = 26 kg/mol. It is described here as PS(65)-b-PI(26). Polymer 
solutions in toluene (reagent grade, Sigma-Aldrich, UK) were spin-cast onto cleaned 
Si (100) or glass substrates with a spin rate of 2000 rpm. The thicknesses of the as-
spun films were measured with spectroscopic ellipsometry (VASE, J.A. Woollam Co., 
Inc. Lincoln, NE, USA). Films were not annealed after casting, in order to preserve 
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their non-equilibrium structures.33 Homogeneous and nanopatterned polymer 
templates were fabricated for protein adsorption using homopolymers (PS and PI) and 
PS-b-PI, respectively.  
FN (from bovine plasma, 1.2 mg/ml sterile solution, cell culture tested 
(Sigma-Aldrich, Product No. F1141)) was diluted in a universal buffer (150 mM 
NaCl, 50 mM Tris-HCl, pH 7.5) to 50 µg/ml. The polymer-coated, Si and glass 
substrates were incubated with FN solution for one hour at room temperature. PI films 
were only incubated for 10 min. because they are subject to dewetting at longer times. 
Upon removal from the FN solution, the samples were rinsed thoroughly with flowing 
Tris buffer solution followed by DI water to remove non-adsorbed FN molecules and 
residual salt from the buffer, respectively. The samples were dried in a desiccator 
(containing silica gel) for 24 hr prior to surface analysis.  The procedures were the 
same for both Si and glass substrates. 
FN surface imaging and characterization 
Atomic force microscopy (AFM)  was performed in the intermittent-contact 
mode of a commercial instrument (NTEGRA, NT-MDT, Moscow, Russia) using a 
gold-coated silicon cantilever (NT-MDT) with a nominal spring constant ranging 
from 5 to 10 N/m and a resonant frequency ranging from 130 to 180 kHz. All the 
AFM experiments were performed in air at room temperature, and the images were 
captured using a scan speed of 1.2 Hz.  
Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) was employed to 
characterize the relative intensity of surface components before and after the FN 
adsorption. ToF-SIMS analysis was carried out on an ION-TOF GmbH (Münster, 
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Germany) TOF-SIMS 5 system. The instrument is equipped with a reflection type 
analyser and a microchannel detector. Data acquisition was performed by raster 
scanning the Bi3+ primary ion beam over a 100 µm × 100 µm area at a resolution of 
64 pixels × 64 pixels. Every sample was probed three times in three different areas, 
and averages are reported. The probe depth was around 10-20 Å from the film 
surfaces. The positive and negative ions from the sample’s outermost surfaces were 
collected and converted to the m/z = 0-500 mass spectra.  
Water contact angle analysis (WCAA) was performed with a commercial 
instrument (Easy Drop, Krüss GmbH, Germany) and used to measure the relative 
surface hydrophilicity at different areas, which were selected before cell incubation.  
A 3 x 3 grid was drawn in permanent ink on the underside of the glass substrate to 
divide the substrate into nine sub-areas.  In this approach, the water contact angle in a 
particular sub-area could be correlated with the cell adhesion at that same position.  A 
1 µl drop of DI water was deposited onto the sample surface. For every sub-area of a 
sample, three drops were deposited, and the average value was obtained. 
Cell cultures 
Chinese Hamster Ovary (CHO) cells (Cat No: 85050302) with epithelial 
morphology were purchased from European Collection of Cell Cultures (ECACC). 
Protocols established by ECACC for the culture and passage of Chinese Hamster 
Ovary (CHO) cells were followed.37 Cells were cultured in tissue culture flasks (75 
cm2) in a humidified atmosphere at 37 °C with 5% CO2 (by volume). The cells were 
grown in F-12 Ham’s medium (Invitrogen) supplemented with 10% (by volume) 
foetal bovine serum (Gibco) and 1% (by volume) of antibiotics 
(penicillin/streptomycin) as a prophylactic measure against bacterial infection.  
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Cultures were passaged every 48 hours by a dilution factor of 1/6 or every 72 
hours by a dilution factor of 1/7. After the cells reached confluence, they were first 
rinsed with sterile phosphate buffer saline (PBS) solution and then detached from the 
flask wall by incubating with 0.05% of trypsin-EDTA (purchased from Gibco) 
solution for 3-5 min. in a warm water bath.. For seeding samples, culture flasks (75 
cm2 growth area) of 80% confluent CHO cells were trypsinized, washed and 
suspended in fresh media. The suspension of cells was then diluted with cell growth 
media to the desired cell concentration. Cell suspensions were then added to 
polystyrene Petri dishes (13 mm diameter) containing prepared FN substrates on glass 
and incubated for one hour. For microscopy and imaging experiments, the cell plating 
density was 1000-1500 cells/mm2.  
Fixing and staining cells 
The cell-seeded substrates were then washed with PBS and fixed with 4% 
paraformaldehyde in PBS for 20 min. After fixation, the samples were rinsed gently 
with PBS and permeabilized with 0.1% non-ionic surfactant (Triton X, Sigma) in PBS 
for 5 min. Samples were then thoroughly washed with PBS and stained. Samples were 
incubated with phalloidin (1:300 dilution, AlexaFluor phalloidin, Molecular Probes, 
Eugene, OR) for 30 min. at room temperature. After rinsing with PBS, samples were 
subsequently incubated with DRAQ5 (BD Biosciences Limited) for 10 min. at room 
temperature. Stained cells were mounted with a coverslip in Vectashield mounting 
medium (Vector Laboratories, Inc., Burlingame, CA) and sealed with nail varnish. 
Double-labelled samples were examined via confocal microscopy (Zeiss LSM 510). 
 
Microscopy and image acquisition 
Imaging was conducted by using a Zeiss LSM 510 META laser scanning 
Published in Soft Matter (2010) 6, 5408-5416 
 
9 
confocal microscope.  For doubly-stained cells, phalloidin (actin stain) was excited 
with the argon laser line at 488 nm and DRAQ5 (nucleus counterstain) with the 
helium-neon laser line at 633 nm. The emission signals passed through 505-530 nm 
and 649-799 nm filters, respectively. All images were captured with a Plan-
Apochromat 40x/1.4 oil and Plan-Apochromat 63x/1.4 oil DIC objective and 
collected in multichannel mode. 
Image analysis 
Cell morphology on each test substrate was quantified using image analysis 
software, IMAGE J (version 1.42), from the United States National Institutes of Health 
(http://rsb.info.nih.gov/ij/). IMAGE J automatically detects the cell outline and 
calculates parameters such as the number of cells, cell area, and coverage per unit area 
of the substrate. The dimensions were calibrated using a stage micrometer.  
Results and Discussion 
FN nanopattern imaging and characterization 
AFM images of the surface structures of PS, PS(45)-b-PI(46), and PS(65)-b-
PI(26) films have been shown in our previous work.33 The surface structures of the 
PS(45)-b-PI(46), and PS(65)-b-PI(26) copolymer films with a thickness of ca. 18 nm 
are dot-like and stripe-like nanopatterns, respectively. Representative AFM images of 
the original copolymer surfaces (on Si substrates) are shown in Figure S1 in the 
Supplementary Data. AFM images of PS and PS-b-PI substrates after the adsorption 
of FN are shown in Fig. 1.  After comparing these images to those from the original 
surfaces, our preliminary interpretation is that FN molecules appear to cover fully the 
PS surface and create a dense and uniform carpet (Fig. 1a and 1b).   
On the stripe-like copolymer template obtained from PS(65)-b-PI(26), it 
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appears that the FN molecules also form a stripe-like nanopattern resembling the 
underlying copolymer structure (Fig. 1c and 1d). As was also found on the original 
copolymer surface, there is a strong contrast in the height and phase images. At room 
temperature, the PI block is above its glass transition temperature and is a viscous 
liquid.  It appears darker in the phase image, because the AFM dissipates more energy 
when contacting it in comparison to the glassy PS block.33  AFM measurements of the 
peak-to-valley height before and after the FN incubation find that the height 
difference increases by 2.5 nm as a result of the FN incubation.  This increase in 
height can be explained by the preferential adsorption of a monolayer of FN on the PS 
blocks, as was found previously in the case of BSA.33 On the dot-like PS(45)-b-PI(46) 
copolymer surface, the FN forms a ring-like network structure (Fig. 1e and 1f). This 
interpretation is explained by the selective adsorption of FN on PS domains and 
exclusion from the dot domains of PI. The feature size of this nanopattern is ca. 50 
nm, which is larger than the size of the stripe-like pattern. 
     
      
(a) 
(d) (c) 
(b) 
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Fig. 1 AFM (a) height and (b) phase images of a PS film after FN incubation for 1h; 
AFM (c) height and (d) phase images of a 17.8 nm PS(65)-b-PI(26) film after FN 
incubation; and AFM (e) height and (f) phase images of a 17.7 nm PS(45)-b-PI(46) 
film after FN incubation. Image sizes are 2 µm × 2 µm. 
To verify this interpretation of the AFM images, the surfaces of dense FN 
layers and FN on polymer templates were analyzed by ToF-SIMS. (Identical samples 
were used for the two techniques.) Both positive and negative ion spectra were 
collected, but only the positive spectra were used for analysis because of their greater 
discriminating ability. FN has unique peaks corresponding to nitrogen-containing 
fragments at m/z = 18, 30, 44, 60, 70 and 86 u, which present the characteristic ion 
fragments dislodged from some specific amino acids in the FN chain. These peaks are 
not found in the spectra of PS-b-PI hydrocarbon polymer fragments and can be used 
to quantify the FN and to differentiate it from the underlying polymer components. 
For each fragment, the relative peak intensity (RPI) is determined by the dividing the 
number of counts by the total number of counts in the entire spectrum. 
Table 1 gives the summed RPI of the characteristic FN peaks on each polymer 
sample after protein adsorption. The summed RPI of FN on the PS substrate is 
109×10-3.  The FN’s RPI value on PS(65)-b-PI(26) substrate is only 9×10-3 less than 
that found on PS. This is because the stripe-like PS(65)-b-PI(26) substrate was 
(e) (f) 
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densely covered by FN molecules. The dot-like PS(45)-b-PI(46) substrate has a lower 
PS component on its surface. After FN adsorption, the RPI of FN is about 80×10-3 and 
it is significantly less than the value on the stripe-like pattern. This means that the 
coverage percentage of FN on PS(45)-b-PI(46) substrate is less than that on PS(65)-b-
PI(26) substrate. This conclusion is consistent with the previously-presented 
interpretation of the AFM images. The pure 350 nm thick PI sample also adsorbed a 
few FN molecules after only 10 min of incubation, but less than any thin copolymer 
samples. 
Table 1 Relative peak intensities of characteristic fibronectin (FN) ion peaks on 
homogeneous and nanopatterned substrates.  
 Relative Peak Intensities (x 10-3) 
FN peaks 
(m/z) 
FN on PS 
 (1 h 
incubation) 
FN on PS(65)-b-
PI(26) (1 h 
incubation) 
FN on PS(45)-b-
PI(46) (1 h 
incubation) 
FN on PI (10 
min incubation) 
18 6.9±0.2 6.7±0.2 5.6±0.08 0.9±0.01 
30 29.5±0.5 29.6±1.2 20.3±0.4 6.1±0.3 
44 19.9±0.2 15.2±0.3 12.9±0.2 5.8±0.1 
60 14.1±0.1 14.0±0.5 13.5±0.3 0.6±0.01 
70 23.9±0.3 26.8±0.7 21.9±0.9 3.5±0.05 
86 14.7±0.2 8.4±0.1 7.6±0.1 1.4±0.02 
Totals 109 100.7 81.8 18.3 
 
Further analysis was conducted in order to identify the domains on which the 
FN is adsorbed. The relative intensities of characteristic PS and PI ion peaks after FN 
adsorption on PS, PI and PS-b-PI copolymer films were collected. The ion peak at 
m/z = 68 u has been removed from consideration because FN also provides strong 
intensities at this value from a hydrogen-carbon fragment. After FN adsorption, this 
will affect the PI’s analysis by SIMS. 
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Table 2 presents a comparison of the summed RPI of the PI and PS 
characteristic peaks before and after FN adsorption. The idea behind this analysis is 
that preferential protein adsorption will cause a decrease in the yield of the polymer 
domains, as protein will cover the domain surface. The yield from the other block, 
however, should not change if there is no adsorption on it. The magnitude of the drop 
in the summed RPI for a particular polymer block is assumed to be proportional to the 
fraction of its surface covered by adsorbed protein.  As PS and PI have similar 
chemical compositions, they do not have unique SIMS peaks, but peaks were 
identified in which the relative peak intensity is strong for one polymer but not the 
other.33 Semi-quantitative analysis is therefore possible. 
For the PI homopolymer film, the RPI of the characteristic PI peaks decrease 
by only about 25×10-3 after the FN adsorption, which is a relatively small change. For 
the samples in the left three columns in Table 2, all RPIs of characteristic PI peaks 
decrease or increase only slightly after the FN adsorption. These negligible changes of 
RPI value imply that very few PI domains are covered by FN molecules. On the 
contrary, the RPIs of PS after FN adsorption decrease greatly for every sample that 
has a PS component. After FN adsorption, the PS’s RPI for the PS homopolymer is 
decreased by 126.8×10-3. For the 17.7 nm PS(45)-b-PI(46) film and the 17.8nm 
PS(65)-b-PI(26) film, the RPI values for PS are both ca. 30×10-3 after FN adsorption, 
having decreased by 47.2 x 10-3 and 89.1 x 10-3, respectively. The amount of FN 
adsorption on the PS block, as gauged by the RPI decrease, is found to be proportional 
to the fraction of PS blocks at the polymer film surface.   
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Table 2 Relative intensity changes of PS and PI ion peaks after FN adsorption. 
 PS 
PS(65)-b-PI(26)  
17.8 nm 
PS(45)-b-PI(46) 
17.7 nm 
PI 
Poly(isoprene) peaks (×10-3) 
Before FN Ads. 9.0 17.6 85.0 201.9 
After FN Ads. 11.8 28.7 81.9 176.2 
Difference 2.8 11.1 -3.1 -25.7 
Poly(styrene) peaks (×10-3) 
Before FN Ads. 182.8 122.0 76.5 37.1 
After FN Ads. 56.0 32.9 29.3 29.8 
Difference -126.8 -89.1 -47.2 -7.3 
 
The complementary use of AFM and SIMS reveals that the FN selectively 
adsorbs on the PS domains rather than on the PI domains on copolymer surfaces. The 
two-dimensional PS-b-PI templates have been used to form stable, well-organized FN 
nanopatterns. The results obtained for FN tell a similar story as previously found with 
BSA adsorption.33 Taken together, the results indicate that the PS-b-PI hard-soft 
templates can selectively adsorb a variety of proteins (not only BSA).  In the 
following work, FN layers adsorbed on two control surfaces (a glass coverslip or on a 
flat, PS homopolymer film) and on nanopatterned surfaces (both stripe-like and ring-
like patterns) were used to explore the influence of the nanopattern shape and the 
spacing of FN-ligand on cell adhesion functions.  
Cell adhesion analysis by confocal microscopy 
CHO cells following one hour of incubation on the control and on the 
nanopatterned FN on glass substrates was examined by confocal laser scanning 
microscopy.  In Fig. 2, we show images of double-stained CHO cells. The red areas 
are DRAQ5-stained CHO cell nuclei and the green areas are phalloidin-stained actin. 
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It is evident that the cell density on the ring-like FN nanopattern is higher than on the 
other three FN substrates.  
   
   
Fig. 2 Confocal microscopy images with nuclear (red) and actin (green) staining, 
showing CHO cell adhesion on different FN substrates: (a) ring-like FN nanopattern 
with ca. 50 nm domain spacing, (b) stripe-like FN nanopattern with ca. 12 nm domain 
spacing, (c) homogeneous FN surface on glass as a control surface, and (d) a 
homogeneous FN surface on pure PS as a control surface. The red scale bar in each 
image is 10 µm. The white text describes the underlying FN surface structures before 
cell adhesion. 
The confocal images in Fig. 2 are representative of what was found in many 
observations. In each experiment, five confocal images were obtained from each of 
four different samples of the same type of template. The cell number density of 
(a) 
(d) (c) 
(b) 
Stripe-
like FN Ring-like FN 
FN on glass FN on PS 
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attached cells and the percentage area of coverage by the spreading cells were 
determined from the images using Image J software.  The entire experiment was 
repeated a second time, so that in total 40 images from eight samples of the same 
template type were analysed.  The mean CHO cell densities are presented for each 
template type in Fig. 3, and the error bars represent the standard deviations obtained 
from analysis of the 40 images.  The adhesion cell densities on the two control 
surfaces (FN on glass and FN on PS) and on the stripe-like FN surface are in the range 
between 400 and 500 cells/mm2. On the other hand, the cell density on the ring-like 
FN pattern obtained on the PS(45)-b-PI(46) template is ca. 750 cells/mm2, which  is 
50% more than obtained for the other three samples. In addition to the different CHO 
cell densities, the fraction of the surface covered by the cells is also different (Fig. 3). 
The cell coverage on the ring-like FN surface is 65 ±22%, which means that in an 
image area, the majority of the FN surface is covered by attached cells. This number 
is double the percentage of other three FN surfaces. This result indicates that the ring-
like FN nanopattern surface with a 50-nm domain spacing can increase the cell 
adhesion in the initial adhesion stage (i.e. after one hour of incubation). 
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Fig. 3 (a) CHO cell densities on four different substrates with pre-adsorbed FN. (b) 
Area percentage covered by CHO cells after adhesion and spreading for 1 hr on the 
four FN-coated substrates. 
The actin cytoskeleton structure is difficult to observe in the double-stained 
images presented in Fig. 2. However, Fig. 4 shows images of the cells with actin 
staining on the four FN substrate types. It is apparent that the cells on the ring-like FN 
surface have attached and spread on the surface after only one hour. Almost all of the 
cells in the image are seen to be well spread. On the other three FN surfaces, however, 
some cells (identified by the blue arrows) have attached but have not begun to spread. 
The size of the adhered cells is also different, depending on the substrate. There is 
also a difference in cell shape, with fewer cells forming more elongated phenotype on 
the ring-like FN substrate than on the other three FN substrates.  
Large bundles or fibres of actin are observed on both the control and the 
nanopatterned FN surfaces. We assume they link focal adhesions where the cell binds 
to the substrates. The development of actin fibres in CHO cells on ring-like FN 
substrates is very apparent. The spreading cells form abundant and highly-aligned 
actin fibres. The actin fibres in a single cell are in multiple directions.  
(b) 
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Fig. 4 Confocal images with actin staining to show CHO cells on different substrates: 
(a) a ring-like FN nanopattern with ca. 50 nm domain spacing, (b) a stripe-like FN 
nanopattern with ca. 12 nm domain spacing, (c) a homogeneous FN surface on glass, 
and (d) a homogeneous FN surface on PS. The red scale bar is 20 µm. The blue 
arrows indicate cells that are not well spread. 
While immobilized ECM proteins can be used to control the initial adhesion of 
cells on a substrate, most adsorbed ECM surfaces are unstable in the presence of cells 
and thus are only transiently defined. Cells can remodel surfaces on which they are 
attached over a time period as short as two hours.38  In our experiment, the cell 
interaction with the FN surface is only monitored for one hour. Compared with other 
FN substrates, the ring-like pattern increases coverage by the cells. Focal adhesions 
and related structures are major cellular sites responsible for cell-ECM attachment and 
adhesion-mediated signalling. The well-organized actin cytoskeleton reflects the 
(a) 
(d) (c) 
(b) 
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strong cell interaction with substrates. It is apparent that the ring-like FN-ligand 
pattern with around 50 nm spacing can positively affect the cell attachment and 
spreading.   
The conformation of the FN on our substrates is undoubtedly different to the 
conformation in vivo. FN is a large protein with several domains11 whose 
conformation will inevitably be affected by adsorption on copolymer templates. 
Nevertheless, the RGD motif and the surrounding residues are much smaller than the 
whole molecule, and can bind integrins. Earlier work has found good cell adhesion on 
FN25-28. In this previous work, the FN structure likewise would have differed from 
that in the ECM in vivo. Although our and others’ nanopatterned FN surfaces are 
clearly different to the ECM in vivo, the FN is still expected to present the same 
binding motifs to the integrins as are present in FN in the ECM.   
Influence of FN nanopatterns on cell adhesion  
As can be seen in Fig. 3, the cell density and area percent of coverage on the 
ring-like FN surface have large standard deviations. We believe that the spread of 
values results from the cell adhesion behaviour being non-uniform on this substrate.  
Examples of optical images of cells on the ring-like FN surface, presented in Fig. 5, 
indeed show that the density and shape of adhered cells are not uniform across a 
patterned substrate. In some regions, the cell density is, high but in other regions, 
fewer cells are adsorbed on the substrates. Additional experiments, described next, 
explain the reasons for this variability.   
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Fig. 5 Optical images of CHO cells after 1 h adhesion on the ring-like FN substrates 
for different areas on the same sample. All images are at the same magnification. 
White scale bar size is 40 µm.  
Before cell culture, several FN-coated glass coverslips were divided into nine 
sub-areas and the relative hydrophilicity of every sub-area was determined by water 
contact angle analysis. Here, the water contact angle is not of direct interest, but rather 
it is useful to determine it in order to correlate with the FN structures, as determined 
by AFM.   
Measurements of cell densities were collected from two different samples in 
which a PS(45)-b-PI(46) copolymer film on a glass substrate had been templated with 
FN. The mean cell densities were determined in each of the nine different sub-areas 
through analysis of several images obtained from that sub-area. Owing to small 
differences in how the surfaces were rinsed with buffer solution and DI water, the 
distribution of water contact angles on the two surfaces differ.  Furthermore, there is 
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variability in the water contact angle across each substrate, which results in a spread 
of contact angles.  Figure 6 shows values of the mean cell density in a sub-area as a 
function of the mean contact angle in its sub-area.  The error bars on the densities 
represent the standard deviation of the measurements from the images in a sub-area 
corresponding to the particular water contact angle. (In the cases in which the mean 
contact angle for a sub-area was within 1° of the value for one or more other sub-area, 
a mean value for all those sub-areas was calculated, and the mean cell density for 
those sub-areas is reported in Figure 6.) 
There is a clear trend showing that more cells adhere to the areas with a larger 
water contact angle. The maximum mean cell density on the ring-like FN pattern on 
PS(45)-b-PI(46), which is 680±103 mm-2, is found in a sub-area with a high water 
contact angle (65°).  The sub-area with the lowest water contact angle (21°) has a 
mean cell density of only 118±29 mm-2.  
For the FN surfaces on the PS(65)-b-PI(26)) template, data points were 
likewise obtained from two samples. The peak mean cell density on this stripe-like 
FN substrate is 470±65 mm-2 and was found in a sub-area with a high water contact 
angle, whereas the area with a low water contact angle (42°) has a mean cell density 
of only 70±13 mm-2. 
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Fig. 6 Adhered cell density as a function of the water contact angle on nanopatterned 
FN substrates. Filled square symbols represent cells on a FN+PS(45)-b-PI(46) 
template; and open round symbols are for cells on a FN+PS(65)-b-PI(26) template. 
FN is hydrophilic, and the PS-PI copolymer is hydrophobic (with a water 
contact angle of 110°). The variability in the water contact angles of the patterned FN 
surfaces might therefore be expected to be explained by variability in the patterns.  
Representative FN patterns on a PS(45)-b-PI(46) template (on Si) are shown in Fig. 7. 
Although the FN on the same PS(45)-b-PI(46) template forms ring-like patterns in 
every sub-area, the ring sizes are variable across the surface. The mean FN ring 
diameters were calculated using commercial software (Nova, NT-MDT).  For each of 
the images shown in Figure 7, the ring diameters are reported along with the 
corresponding mean contact angle in the caption. In some areas, the ring size 
approximately matches the size of the underlying copolymer template (Fig. 7a), but 
there are other examples in which the ring sizes are larger than the copolymer pattern 
size (Figures 7b and 7c). When the FN ring size is much bigger, the underlying 
copolymer dot-like structure is clearly apparent in the AFM images (Figure 7d). 
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Larger FN ring patterns correspond to less hydrophilic surfaces (i.e. a higher water 
contact angle). 
    
    
  Fig. 7 AFM phase images showing different sizes of FN ring structures on a PS(45)-
b-PI(46) template. As the diameter of the FN ring size increases, the water contact 
angle also increases:  (a) FN ring diameter of 55 nm and contact angle of 64.9°; (b) 86 
nm and 68.5°; (c) 125 nm and 73.4°; and (d) 180 nm and 77.3°. All images are 2 µm 
× 2 µm in area. 
Our previous work33 found that BSA molecules were adsorbed on PS-b-PI 
templates and formed very stable ring-like structures. There was no ring size 
variability across the sample surface, and the ring size matched the copolymer 
template in all areas. We speculate that the much bigger size of the FN molecules 
prevents them from adapting to structures with fine features.  Obtaining more uniform 
templates is an objective of future research. 
(a) 
(d) 
(b) 
(c) 
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Figure 8 reveals that the water contact angle and the FN ring diameter have a 
positive linear relationship, except for the lowest ring diameter (45 nm). This linear 
trend is reasonable because the larger that the FN ring size is, then the more that the 
copolymer components are exposed to the interface, as is indicated qualitatively in the 
AFM images (Fig. 7).  The hydrophobicity of the copolymer then makes a greater 
contribution. 
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Fig. 8 Water contact angle as a function of FN ring diameter on PS(45)-b-PI(46) 
templates. 
So far, it is apparent that there is a correlation between the cell adhesion 
density and the water contact angle. In turn, the water contact angle depends on the 
FN ring diameter.  Combining these results, it can be concluded that the cell adhesion 
correlates with the FN ring diameter. The data in Figures 6 and 8 were correlated via 
their water contact angle values and were re-plotted in Fig. 9a to show how the cell 
density varies with the FN ring diameter. This graph shows that there is a higher cell 
density when there is a ring size greater than about 50 nm.  The cell density does not 
vary with FN ring-size above 50 nm. The sub-areas with water contact angles lower 
than 45° are all ascribed to complete FN coverage, and the ring size is given a value 
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of 0 nm.   
The fractional coverage of FN on each of the surfaces was calculated using 
Image J software to analyse the AFM images (see Figure 7 for example images). The 
areas on which there was dense FN coverage, and which had a water contact angle 
lower than 45°, were ascribed to 100% FN coverage. Fig. 9b indicates that there is a 
higher cell density when the FN coverage is less than ca. 85%. Blanket coverage by 
FN correlates with a lower cell density.  (Note that in the absence of adsorbed FN (0% 
coverage) preliminary experiments found that cell densities were exceedingly low.  
The surfaces of hydrophobic polymers are normally treated34-36 to make them suitable 
for cell cultures.)  
0 20 40 60 80 100 120
200
400
600
800
Ce
ll 
de
n
si
ty
 
(/m
m
2 )
Ring diameter (nm)
60 65 70 75 80 85 90 95 100 105
200
400
600
800
Ce
ll 
de
n
si
ty
 
(/m
m
2 )
Area of FN coverage (%)
 
Fig. 9 The relationships of (a) cell density with FN ring diameter, and (b) cell density 
with the area coverage by FN on a PS(45)-b-PI(46) template. 
Fabricated nanopatterns of biological molecules, such as adhesive peptides, 
are widely used to induce specific cellular responses dependent on cell adhesion. 
Maheshwari et al. 39  functionalized star-shaped polymers with RGD-containing 
peptide on a background surface to which cells do not adhere, to achieve a controlled 
surface density and local spatial distribution of the peptide. The RGD motif is present 
(a) (b) 
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in fibronectin. When the RGD peptide was presented in clusters of at least five 
peptides per star, but not in the case of a random single RGD peptide per star, cells 
developed well-formed actin stress fibres and mature focal adhesions. Other 
research40 indicates that higher ligand clusters and higher ligand densities reinforce 
the cell adhesion. These studies lead to the hypothesis that cell spreading might be 
dependent on a critical density of integrin ligands on the substrate producing an 
integrin cluster that is dense enough to recruit focal adhesion and cytoskeleton 
proteins. Such a local integrin ligand density could be critical for the initiation of a 
mature and stable focal adhesion.   
Although the local concentration of FN on the substrates is not known in our 
experiments, the FN solution concentrations are the same for every polymer substrate. 
The FN molecules are randomly distributed on glass and PS surfaces. But on the 
PS(45)-b-PI(46) copolymer template, the FN forms ring-like nanopatterns. The 
spacing induces more FN localisation on the pattern of PS blocks, and the FN density 
on these areas is increased. This high local density of adhesive FN-ligands perhaps 
enhances the integrin clustering and the focal adhesion. The cells spread very well 
after seeding for one hour on the ring-like pattern and form abundant actin stress 
fibres. The effect of the shape of the FN patterns (e.g. ring-like, square, or elliptical, 
etc.) has not been investigated in our experiments, but it could potentially be sensed 
by the cells and thus could also contribute to the cell adhesion and spreading. In 
contrast, the stripe-like FN nanopattern with a smaller spacing cannot significantly 
improve the FN density in local areas. The cell adhesion behaviour on the stripe-like 
patterned substrate is similar to the adhesion on homogeneous substrates. 
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Conclusions 
In this work, FN nanopatterns were created by adsorption on copolymer thin 
film templates. The complementary use of AFM and ToF-SIMS showed that protein 
preferentially adsorbs on PS blocks rather than on PI blocks. This preferential 
adsorption induces FN patterns resembling the underlying block copolymer surface 
morphology. The use of self-assembled PS-b-PI has been found to provide a precise, 
two-dimensional template for the nanopatterning of FN and previously BSA. 
The ring-like FN nanopattern on PS(45)-b-PI(46) substrate increases the cells’ 
adhesion compared with the cells on homogeneous FN surfaces and patterns on 
PS(65)-b-PI(26). The adhered cell density and percentage area of coverage on the 
ring-like FN surface is higher than on the other three substrates. The ring-like pattern 
also develops more actin fibres, cell spreading, and focal adhesion. Cell adhesion is 
high when the FN ring size is > 50 nm and when the surface coverage of FN is < ca. 
85%. The increasing cell adhesion on ring-like nanopattern is attributed to a high local 
FN density on the ring areas. It is proposed that a high FN-ligand density increases the 
integrin clustering and encourages stable focal adhesion.  
From a practical standpoint, the FN templating method provides a new way to 
increase cell adhesion to surfaces for applications in tissue engineering. Compared to 
techniques of lithography to create FN nanopatterns, our method makes use of the 
self-assembly of templates, and hence it is simpler and faster. The process is 
applicable to large areas on a variety of solids.  In principle, the entire area of cell 
culture dishes could be coated with FN nanopatterns self-assembled on polymer 
templates.  There is a need to evaluate the efficiency of this method in the future by 
performing cell adhesion and cell morphology studies on “hard-to-culture” cells, 
Published in Soft Matter (2010) 6, 5408-5416 
 
28 
primary cells or stem cells, which require the substrate to be coated with an ECM 
material, such as fibronectin or collagen.41  There remains a need to decrease the 
variability in the FN patterns on the templates to achieve the desired pattern size 
across the entire surface. The use of blends of homopolymers and diblock or triblock 
copolymers opens up the possibility of creating templates with a wider range of 
pattern size and geometries, provided that the PI wetting layer is avoided or removed. 
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